A self-consistent, one-dimensional model of the cyclotron autoresonance maser (CARM) amplifier is developed, and numerical simulations based on this model are described. Detailed studies of the CARM gain and efficiency for a wide range of initial energy and velocity spreads are presented. The interaction efficiency is found to be substantially increased when the axial magnetic field is tapered. For example, efficiencies of greater than 41% are obtained for a 140 GHz CARM amplifier with a tapered axial magnetic field and a 700 kV, 4.5 A electron beam with parallel velocity spreads of less than 1%. A discussion of the nonlinear bandwidth and interaction sensitivity to axial field inhomogenieties is presented.
I. INTRODUCTION
The efficient generation of high-power coherent radiation in the millimeter and submillimeter regions of the electromagnetic spectrum has received considerable attention in the past decade. Sources capable of high power operation in these spectral regions are of interest for many applications including the electron cyclotron resonance heating of fusion plasmas and high resolution radar. Much of this interest has been focused on cyclotron resonance masers such as the gyrotron [1], gyro-klystron [2] , gyro-traveling wave amplifier [3] , and the doppler-shifted cyclotron resonance maser, also called the cyclotron autoresonance maser (CARM) [4-141. Interest in the CARM results from its potential for high-efficiency operation, large doppler upshift from the cyclotron frequency, and high power capability.
The cyclotron autoresonance maser is the subject of this paper.
The general cyclotron resonance condition is given by
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where w and k are the wave frequency and wave number, and v. and y are the electron velocity and the relativistic energy factor. The nonrelativistic cyclotron frequency is given by wc, = el B I/m and n is the harmonic number. For gyrotron operation, the wave is near cutoff (k ; kI_, where kc is the component of the wave number normal to the uniform magnetic field), and consequently the doppler shift term is small, i.e. w ~ nw./y > k -v..
In the case of the CARM, the doppler shift term (k -v.) is comparable to w and leads to a large frequency upshift. Typically, for the CARM, when -2 > 1, 00 ~ 1, % t 1, and O_ -1/-y, the upshift is approximately 72 as seen from the resonance condition where wc = wco/y is the relativistic cyclotron frequency, # and f3± are the normalized axial and perpendicular electron velocities, respectively, and f34 = w/ck 11 is the normalized wave phase velocity. The choice for ,3± in (2) was taken to be 1/7, which has been shown to optimize the efficiency in the 72 > 1 limit [4] . Because of this doppler upshift, the CARM requires a significantly lower magnetic field (by a factor of 1/72) when compared with a gyrotron operating at the same frequency.
The efficiency of the CARM can also be relatively high. For an electron moving in a constant amplitude wave, 7(1 -0114) is a constant of the motion [15] . Therefore, in the case of luminous waves (00 = 1), an electron which is injected in resonance with the wave will remain in resonance as can be seen from (2 The efficiency of CARM amplifiers for a cold electron beam with a uniform magnetic field has been presented as a function of normalized system parameters [4, 9] . The performance of CARM amplifiers including electron beam temperature is studied here. The influence of the beam velocity and energy spreads on the gain, saturation length, and efficiency is examined with a one-dimensional nonlinear numerical simulation. Numerical results on the effects of magnetic field tapering are also presented; higher efficiencies than those calculated using optimized system parameters with a uniform magnetic field are obtained.
This paper is organized as follows: In section II, the basic theory is presented, and equations used in the simulations are derived. Section III contains the results of the numerical simulations. These include: 1) effects of input power on saturation length, 2) effects of energy and axial velocity spreads on the total efficiency, 3) effects of a linear taper of the axial magnetic field on the overall efficiency, and 4) the calculation of the nonlinear bandwidth and the effect of axial inhomogenieties in the guide magnetic field. In section IV, the consequences of these results for CARM amplifier design are discussed.
II. THEORY
A. 1-D CARM Model
We consider an electron beam traveling along a uniform magnetic field with a copropagating electromagnetic wave. Here it is assumed that the variation in the vector potential with the transverse coordinates can be ignored, i.e., the fields are one-dimensional.
The geometry of the one-dimensional model is shown in Fig. (1) . 
With these assumptions for the fields, a self-consistent set of equations to describe the CARM interaction can be formulated. Let ^ be the direction of the uniform guide field, Bo. The equations of motion are
where e = -ymc2 and p 7 0 mc. The normalized parallel and perpendicular velocity as well as the particle phase axe defined by (8). It is advantageous to consider z as the independent variable. Then the equations of motion can be rewritten in terms of the relativistic variables (y, 1, i ) and a slowly varying phase (8):
where a+ 
Using the assumed form for the vector potential, this expression becomes
where we have defined unit vectors ei [sin 6., -cos 0., 0] and 62 = [cos 0., sin 0., 01.
Taking the dot product of (14) with 62,
Since kIc and A+(z) are assumed independent of time and the transverse coordinates, the right-hand side of (15) is then averaged over time and the beam cross section while summing over all the electrons. Solving (15) for a'(z), we obtain
Similarly, taking the dot product of (14) with e,, one obtains an expression for the selfconsistent change in the wave phase due to interaction with the beam:
where Jo.f f is the effective current density (see (21) ). Equations (9 -12, 16, 17) constitue a complete, one-dimensional self-consistent description of a CARM amplifier including TE waveguide modes.
B. Waveguide Mode.
We have assumed, in this one-dimensional model, that the wave amplitude is uniform over the entire cross section of the electron beam. To treat waveguide modes in this context, the field seen by the particles must be related to the total power in the waveguide. We consider TE. waveguide modes. In a circular waveguide, the boundary condition yields a relation between the pipe radius, a, and Vn, the nth zero of the Bessel function J,,(x):
If P/dS is the power per unit area on axis at the position of the electron beam and Pt 0 , is the total power flow in the guide, then for TEmn modes, the ratio of the two is [20] P/dS
The power density, PIdS, can then be related to the normalized vector potential a+(z). For the case of TEmnwaveguide modes, the effective current density in (16) can be expressed as
Joef= f
Jok(go (20) The two-dimensional effects of waveguide modes can be accurately handled in this onedimensional model provided that the variation of the fields are insignificant. This onedimensional model neglects the variation of the field across the electron beam; a twodimensional model which takes this variation into account is presently under development and will be discussed in a future paper.
C. Grvwth Rate
Although a single particle in autoresonance with a wave can transfer most of its energy to the wave, given a sufficient interaction length and proper initial phase, the electrons in a real beam are initially uniformly distributed in phase. As a result, the optimum interaction efficiency occurs not at exact autoresonance, but rather for a wave phase velocity which is slightly greater than the speed of light [4] . In practice, for high frequency devices operating with waveguide electromagnetic modes and with uniform axial fields, usual system parameters are such that the efficiency is increased by decreasing the wave phase velocity. On the other hand, the CARM growth rate increases quickly with increasing wave phase velocity (see below, [4, 9] ). Therefore, in this paper, we will restrict discussion to the case of non-luminous waves (Po4 # 1). In the design of practical devices, the optimal choice of go is determined by consideration of the tradeoff between the desired efficiency and an adequate growth rate. The growth rate must be both sufficiently high to overcome velocity and energy spreads present in the beam and to limit the device length to a reasonable value. 
When the dimensionless parameter I, defined by
satisfies I < 1, a small-signal analysis of the CARM amplifier results in a dispersion relation similar to the well-known TWT dispersion relation [4] :
The normalized field growth rate is maximized for A= 0 and is given by Im F = . 
Imk
Oa= . 4 9 3 [ofP
where Joeff is the effective current density in A/m 2 and is given in (20) , k is the magnitude of the wave number in m-1, and the initial pitch angle, OP, is given by Oo = ,1 3 o/Oilo.
III. SIMULATIONS

A. Numerical Model
In order to investigate the effect of both velocity and energy spreads in the electron beam and magnetic field tapering on CARM amplifiers, a numerical simulation of the one-dimensional model presented in the previous section was developed. In this section,
we describe the implementation of this model and discuss its results.
In this particle simulation of the CARM interaction, the averages on a+ and 6 must be defined. We define the averages in (16, 17) by
, i=1
The complete system of self-consistent CARM amplifier equations is then 
In these simulations, the distribution functions were truncated at five standard deviations.
The initial value problem represented by the differential equations (30-35) is solved by a fourth order Runge-Kutta algorithm.
As the illustrative example for the following discussion, the following parameters were For the parameters listed above, simulations were carried out for a wide variety of other system parameters. A typical simulation result for the wave power as a function of interaction length is shown in Fig. (2) . In this figure, the exponential high-gain regime is characterized by the straight line. The slope of this line is the growth rate and can be obtained from the roots of the cubic dispersion relation (25). For zero detuning (A = 0), the exponential growth rate is maximum, and the launching loss is 1/9. In Fig. ( 
B. The Effect of Energy and Axial Velocity Spreads
Of critical importance to the operation of the CARM amplifier are electron beam However, with spreads in the initial energy and axial velocity distribution of the particles, the detuning from resonance varies from particle to particle. This decreases the total efficiency, defined by
(yo) -(y (z)) (36) (-Yo) -1
In particular, the extent to which the energy and velocity spreads can be tolerated by the interaction is a crucial issue in the design of a CARM amplifier.
Spreads in the initial energy and axial velocity distributions of the electron beam were introduced into the CARM amplifier model described in the previous section. The effects of these spreads for the parameters given in Section III.A on the interaction efficiency are shown in Fig. (3) and Fig. (4) . With energy and axial velocity spreads in the electron beam, the optimum detuning value is nearly equal to that of a cold beam (A = 0.4, [41), and thus the detuning value for the data presented in these figures was taken to be A = 0.4.
In Fig. (3) , the effect of energy spread on interaction efficiency is shown, where the axial velocity spread is negligible (o#1 = 2 x 104). Although the efficiency decreases with increasing energy spread as expected, the fall-off is modest for moderate energy spreads.
Energy spread is thus unlikely to severely limit the efficiency in practical devices.
In Fig. (4) , the effect of axial velocity spread on interaction efficiency is shown, where the energy spread is taken to be negligible (a, = 2 x 10-'). With axial velocity spreads cr1 < 0.005, high efficiencies (r7 Z 23%) appear feasible. However, for axial velocity spreads api > 0.005, the total efficiency drops off dramatically with increasing velocity spread. Such a serious degradation of efficiency by modest velocity spreads is a potentially serious problem for the CARM. However, as will be shown in the following section, the rapid reduction in efficiency with increasing velocity spread can be compensated for to some extent, by tapering of the guide magnetic field.
C. Efficiency Enhancement Through Magnetic Field Tapering
In order to increase efficiencies over those obtained in the previous section, magnetic field tapering is attractive. In tapering of the magnetic field, linear tapers were analyzed.
The guide magnetic field was assumed to be of the form
which is everywhere divergenceless and irrotational. It is assumed that a is small so that In Fig. (5) , the amount to which the amplifier efficiency can be increased by magnetic tapering is shown as a function of velocity spread for a fixed linear taper (a = -0.5%/cm).
As can be seen by comparing Fig. (4) with Fig. (5) , tapering the magnetic field increases the efficiency of the CARM amplifier substantially over a wide range of axial velocity spreads. In particular, the fractional increase in efficiency is even more pronounced for modest velocity spreads than for zero velocity spread. In Fig. (5) , the efficiencies for both the tapered and untapered cases at zero detuning are shown. This value of detuning gives larger tapered efficiencies than at the untapered optimum efficiency detuning A = 0.4. The efficiencies for untapered magnetic field in Fig. (5) are also calculated at zero detuning, and they are therefore less than the corresponding values in Fig. (4) .
In Fig. (6) , the power as a function of interaction length is shown for both tapered (dashed line) and untapered (solid line) magnetic fields. In this figure, the energy spread is a, = 0.03 and the axial velocity spread is o61 = 0.01. As can be seen, there is a substantial increase in efficiency due to the magnetic field tapering.
In Fig. (7) , the longitudinal phase space of the particles is shown, for a magnetic field The potential for excitation of an absolute, rather than convective,instability in either the operating mode or other lower-order modes may exist in the CARM amplifier. This instability becomes important at sufficiently high current levels or at magnetic fields significantly larger than the grazing field [3, 7] . In the design of CARM amplifiers, the possibility of exciting this absolute instability must be considered, and design parameters must be chosen such that this instability is not excited. The present system parameters chosen as the example are believed to be stable with respect to an absolute instability, based on a detailed pinch-point analysis which has been carried out [22] and will be reported elsewhere.
In this paper, it has been shown that the detrimental effect of energy and velocity spread on efficiency in the CARM amplifier can be partially compensated for by the application of a tapered magnetic field. With a parallel velocity spread of aoll = 0.01, the efficiency is increased, by tapering, from 9% to 41%. Such velocity spreads appear possible using a Pierce gun-wiggler configuration. With a cold beam, the efficiency is increased from 36% to 46% by tapering of the magnetic field.
In conclusion, the CARM interaction appears attractive for the generation of highpower, coherent radiation in the millimeter wave region of the spectrum. The sensitivity of the CARM amplifier to axial velocity spread necessitates the production of high quality electron beams. Figures   Fig 1. Schematic diagram of the CARM interaction. An electromagnetic wave is copropagating with an electron traveling along a uniform magnetic field. The component of the wavevector along the direction of the guide magnetic field is kj. 
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